Abstract: Availability of complete genome sequence for Plasmodium falciparum has been useful in drawing a comprehensive metabolic map of the parasite. Distinct and unique metabolic characteristics of the parasite may be exploited as potential targets for new antimalarial drug discovery research. Reversible phosphorylation of proteins is a ubiquitous process and an indispensable part of cell signaling cascades, which regulate different cellular functions. Not so long ago the role of protein phosphatases in the cell life was underestimated but now these enzymes strongly focus attention of many researches. Based on primary structure and functional characteristics protein phosphatases have been divided into number of families and subfamilies. The amino acid sequences of catalytic subunits of protein phosphatases of particular families stay highly conserved in eukaryotic organisms during evolutionary changes. Serine/threonine protein phosphatases (PPPs) constitute an important family, which are involved in mitotic and meiotic cell divisions, cell development, apoptosis and many other crucial cellular processes. Complex life cycle of the malaria parasite, which encompasses through distinct developmental stages, offers highly sophistical roles for the protein phosphatases. We have researched and analyzed characteristics of 17 putative or/and confirmed catalytic subunits of PPPs on P. falciparum genome. Evidences have been gathered that indicate functional expression of some PPP isoforms in P. falciparum. A few of them have been found to be essential or play important cellular functions in the parasite. Identification of distinct molecular and functional characteristics of these enzymes shall be useful in designing selective inhibitors of plasmodial PPPs as potential new antimalarials.
INTRODUCTION
Malaria kills more than 2 million people every year and almost half of the global population is exposed to the risk of being infected with malaria [1] . Infections with Plasmodium falciparum and the children below 5 years of age, particularly in the sub-Saharan region of Africa, account for almost 90% of malaria-related deaths. Malaria has had a substantial influence on human history. For example, it has influenced the outcomes of several wars and has drained a number of national economies. Although the high incidences of malaria are mostly centered in tropical regions, the impacts, especially economic, of the disease are global. Recent trends indicate rapid emergence of drug-resistant and more virulent strains of these parasites to further intensify the problem [2] . The choice of therapies currently available for treatment of malaria is highly limited, and several of these may eventually be lost or compromised due to drug resistance. The genome sequencing project of Plasmodium falciparum, the causative agent for almost all malaria related deaths, has paid off in drawing a comprehensive metabolic map of the parasite [3] . The system biology efforts [4] and continued exercise on annotation and reannotation of the parasite genes [5] *Address correspondence to this author at the United States Department of Agriculture-Natural Products Utilization Research Unit, National Center for Natural Products Research, University MS 38677; E-mail: jbajsa@olemiss.edu have helped in identification of several pathways and/or the metabolic functions unique to the parasite (http://sites.huji. ac.il/malaria/). Detailed analyses of these distinctly unique pathways, metabolic steps and the enzymes are providing potential targets for new antimalarial drug discovery [6] . Several global efforts have recently been initiated in these directions [7] .
The malaria parasite completes its life cycle through several distinct developmental stages, namely rings, trophozoites, schizonts, merozoites, male and female gametocytes in the vertebrate hosts. Each developmental stage is accompanied with selective expression of unique sets of genes generating unique sets of proteomes. Therefore, the enzymes and proteins associated with cell cycle and signal transduction pathways offer highly promising targets for selective interruption of development, growth and proliferation of the malaria parasite. A detailed understanding about these pathways, especially molecular, structural and functional characteristics of the enzymes, shall be useful in design and development of selective enzyme inhibitors as potential new antimalarials. In view of the novelty of these molecular targets, these inhibitors are likely to be effective against the multidrug resistant strains of the parasite.
Protein phosphatases may be an interesting source of antiplasmodial targets, in view of their crucial and unique role in the parasite cell life cycle. The phosphorylation and dephosphorylation reactions of proteins are fundamental forms of regulation of enzymatic activities in the cells [8] . This unique process is present in cells of all living creatures on earth. The protein kinases and phosphatases are the main players of this game, which help to keep an overall cellular equilibrium. For many years the role of protein phosphatases (PPs) was underestimated and disregarded. Initially, kinases were more interesting research subjects probably because of the abundance and diversity of the genes encoding these enzymes; the human genome consists of around 500 genes encoding protein kinases [9] . Genomes of different species contain only a few copies of the genes encoding the catalytic subunit of a particular PPP e.g. the Arabidopsis thaliana genome contains nine PP1, five of PP2A, 2 PP4, one PP5, two PP6 and three PP7; Leishmania major contains eight PP1, two of PP2A, one PP4, one PP5, one PP6 and one PP7 [10, 11] . These seem to be too few for such a complicated system of signal transduction. Therefore, protein-protein interactions appear to be crucial for regulation of activity and creating diversity of protein phosphatases. Protein phosphatase 2A assembles as a holoenzyme consisting of catalytic and regulatory subunits. This diversity creates enormous capabilities for modulation of activity of protein phosphatases e.g. human PP could be composed of approximately 72 possible PP holoenzymes [12] .
In this review we have primarily focused on characteristics and functions of Plasmodium falciparum serine/threonine protein phosphatases and have also discussed how these enzymes are important for the parasite and might be potential molecular targets for new antimalarial drug discovery. A brief general account of molecular and functional characteristics of PPPs has also been presented, which would help in understanding and analyzing the features of plasmodial PPPs.
PROTEIN PHOSPHATASES FAMILY
Based on primary structure, enzyme properties and functional characteristic protein phosphatases have been divided into four different families ( Fig. 1) . High amino acid sequence homology among the protein phosphatases of each group has been conserved across different species [13, 14] . This indicates the importance of these enzymes in regulation of signal transduction functions. Protein serine/threonine phosphatases (PPPs) constitute a large family consisting of two classes: the first group includes subclasses PP1, PP2A, PP2B (calcineurin), PP4, PP5, PP6, PP7 and second group includes PPM (Mg 2+ -dependent protein phosphatase). PP2C and mitochondrial pyruvate dehydrogenase phosphatase are also the members of the PPM family [15] (Fig. 1) . Interestingly, the primary structure of PP2C differs from others PPP, but they have significant similarities at the level of three dimensional structure. The PPPs from both of these groups dephosphorylate serine and threonine. The most recently described protein phosphatase family has been identified as protein-histidine phosphatases (PHP), which are involved in histidine phosphorylation signal transduction. There is relatively little information available about this PP family [16] . The genes encoding PHPs have been isolated and analyzed in the eukaryotes as well as prokaryotes [17, 18] . Similar to other protein phosphatases, the amino acid sequence of PHP is also conserved in different species [17] . Another protein phosphatase family is constituted of two classes, namely protein tyrosine phosphatases (PTP) and dual function protein phosphatases (DSPs). PTP dephosphorylate tyrosine residues, while DSPs dephosphorylate all three phosphoamino acids (serine, threonine and tyrosine). The dephosphorylation reaction of PTP is based on formation of a covalent phosphocysteine intermediate during catalytic turnover [19] . The dephosphorylation reactions catalyzed by PPP and PTP differ significantly. These PPs are also characterized by their differential sub-cellular localization; PPPs have been mostly found in the cytoplasm, while PTPs are mainly membrane bound proteins [20] . Okadaic acid (OA), a toxin initially isolated from a marine sponge Halichondria okadai, has been identified as a selective inhibitor of PPPs [21] . Differential sensitivities of PPP to OA have helped in further sub-classification of the family of PPP [22] . OA strongly inhibits PP1, 2A, and 2B. The inhibitory effect of okadaic acid is strongest for 2A, followed by 1, and then 2B. The PP2C is not inhibited by OA. The inhibition of PP1 requires 10-100 times higher concentration of OA than for inhibition of PP2A [20] . The -subunit of phosphorylase kinase is dephosphorylated by PP1, but PP2 dephosphorylates thesubunit [22] . Amino acid sequences of PP1 and PP2A have conserved 50% identity [23] , with the domains responsible for catalytic activity maintaining the highest identity. The core of catalytic subunit of PPP plays the main role in catalysis, but N and C terminals mainly have regulatory functions namely, binding of subunits and with cations.
PROTEIN SERINE/THREONINE PHOSPHATASE 1 (PP1)
The amino acid sequence of catalytic subunits of PP1 is highly conserved among different species with as high as 90% identity Fig. (2) [24] . The catalytic subunit alone, with MW ranging from 35 to 38 kDa, has extraordinarily high catalytic activity. To control dephosphorylation, PP1 is assembled as multimeric holoenzymes, which consist of catalytic (C) and regulatory (R) subunits [24] . The regulatory subunit also determines sub-cellular localization of PP1. PP1 is divided into two groups by their evolutionary development, namely primary and secondary. The PP1 from the primary group have apparently always interacted with C subunits, while PP1 of the secondary group evolved to acquire the ability to interact with the C subunit. Some of the orthologs in secondary R sub-group do not have the characteristic binding elements a C subunit. Both these groups consist of many members. There are 45 known regulatory subunits in the human genome [25] . Amino acid sequences of regulatory subunits significantly differ from each other. Their presence can be predicted based on domains or motifs responsible for protein-protein interaction. Depending on the characteristics of R subunits, they can bind different regions of PP1. These interactions are not limited to one binding site [25] . Recently, determination of tertiary structure of PP1C has identified specific binding sites, like the RVXF binding channel-hydrophobic groove. The binding of the regulatory subunit in RVXF binding site does not cause serious structural changes to modify PP1 enzymatic activity. Probably, this structure acts as a clinch which enables further interaction of regulatory and catalytic subunits. One third of all eukaryotic proteins have the RVXF consensus motif, but not all of them are PP1 regulatory subunits [25, 26] .
The 12-13 loop is a binding site for the inhibitors, e.g. OA, cantharidin, I1 and I2. This region consists of 4 , 5 and 6 responsible for interaction with Sds22. This R subunit of PP1 controls dephosphorylation of Aurora-type kinases substrates [27] . PP1 seems to be a multifunctional enzyme which is deeply engaged in many crucial cellular processes. PP1 are indispensable elements in cell division, translation, transcription, apoptosis and even RNA splicing. PP1 inactivation by mutation, knockout and toxins cause mitotic arrest [26, 28, 29] . In mitosis phase G 2 , histone H3 is phosphory- Fig. (2) . Primary structures and alignment of amino acid sequences of PPPs (core fragment of catalytic subunit) from Plasmodium falciparum and Homo sapiens. α β lated by a protein kinase belonging to Aurora family. Probably, the PP1 is involved in dephosphorylation of H3 during telophase. Presumably, Aurora -B (animals) may even interact directly with PP1. PP1 is also involved in apoptosis by assembling a complex with proteins Bcl-2 and Bad. Bcl-2 protein is located in the membranes of mitochondria, endoplasmic reticulum and nucleus. PP1 dephosphorylates Bcl-2. Disturbances like hyperphosphorylation of Bcl-2 activate apoptosis. The Bad pro-apoptotic proteins in the dephosphorylated stage activate caspases [28] . RNA polymerase II is phosphorylated by cyclin-dependent kinases during transcription. When RNA polymerase II finishes that process it undergoes dephosphorylation reaction by PP1 [26] . Interestingly, many of regulatory subunits belong to the kinase family, and PP1 directly activates or deactivates them.
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PROTEIN SERINE/THREONINE PHOSPHATASE 2A (PP2A)
PP2A referred by some researchers as the 'holy grail' is a heterotrimeric holoenzyme consisting of catalytic subunit (C), regulatory subunit (PR65/A) and B subunit (with regulatory function). A hook-shaped subunit PR65/A interacts with subunits C and B by a hydrophobic surface, which is comprised of 15 non-identical leucine rich repeats (HEAT repeats) [30] . In some cases, specific regulatory subunits, for example SV40 small T or polyomavirus small and middle T antigens, interact with a different region of 10 repeats [31] . Vertebrate genomes contain two isoforms of regulatory subunit PR65 , PR65A and two isomeric forms of catalytic subunits [16] . PR65 plays an important role in cancer as a putative human tumor suppressor. Mutations of the gene encoding subunit A have been found in human carcinomas [32] . The PP2A catalytic subunit is a globular protein which consists of very conservative domains that have remained almost identical among a wide range of species, e.g. plants, yeast and mammals [32, 33] . The catalytic isoforms do not influence creation of the holoenzyme and also have similar activity. Their amino acid sequences differ by only nine amino acids, which are not responsible for catalysis process [34] . In vitro, PP2A as a monomer C subunit, shows high catalytic activity and lower specificity. Interaction of C subunit with other regulatory subunits increases its substrate specificity and decreases the catalytic efficiency. The subunit C and subunit A together create a core dimer, which binds to the regulatory subunit B. The enzymatic activity of PP2A is modulated by interaction with the subunit B. Some researchers suggested that activity and substrate affinity of PP2A are strongly regulated by a pool of specific subunit B distributed in different sub-cellular compartments. It is assumed that there are other factors, depending on localization of the PP2A enzyme complex, which can modify specificity of the holoenzyme [30] . The regulatory subunits B, contrary to limited number of catalytic and PR65 subunits, create a large and diverse group of proteins. The sequences of regulatory B subunits are highly diversified, resulting in large numbers of PP2A holoenzyme variants. This explains the mechanism of regulation of different cellular functions by PPPs. The mammalian regulatory B subunits have been divided into four families: PR55, PR61, PR72 and PR93/PR110 [32] . During last few years the intense research activities in this area have also discovered homologous genes in other species (e.g. Homo sapiens, Arabidopsis thaliana, Saccharomyces cerevisiae, Dictiostelium discoideum, Xenopus). The level of expression of most of the PP2A regulatory B subunit depends on the type of the tissue or cell [35] .
REGULATION OF EXPRESSION AND ENZYMATIC FUNCTIONS OF PP2A
Expression of genes encoding PP2A and enzymatic activity are tightly regulated in a sophisticated manner. There are different mechanisms, which keep expression of PP2A stable. First of all, this enzyme can be toxic to the producing organism. Any uncontrolled changes of expression can be lethal. This explains the failure of numerous attempts to modify expression of PP2A gene by mutation, deletion and overexpression. The regulation of PP2A expression starts at the transcription level. The domains and the critical amino acids involved in post-translational modifications of PP2A have also been conserved during evolution. The role of three crucial amino acids Thr304, Tyr307, Leu309 is critical (Fig.  3) . First two are phosphorylation sites, which take part in autophosphorylation. Those particular reactions cause inhibition of enzymatic activity. Formation of a PP2A heterotrimer from heterodimer A-C depends on carboxymethylation of Leu309. The PP2A-methyltransferase (PPMT) and methylesterase (PME-1) are responsible for methylation and demethylation of PP2A [35, 36] . It is still unclear how methylation affects catalytic activity of PP2A. Yoo et al [36] compared the methylation level of a pool of PP2A dimers and trimers from fetal and adult rat liver. Enzymes involved in the process of methylation did not show changes in the fetal liver, however these extracts were comprised of more methylated heterotrimers than adult liver preparations. Adult liver extracts contain unmethylated monomers of PP2A catalytic subunits. This observation is surprising since the monomeric PP2A subunits have been shown to be unstable [32] . Some reports suggest that the methylation level could also depend partly on the cell cycle (differing between G0/G1 and G1/S stages) [36] . However, regulation of activity of PP2A by methylation is still not clear. There are probably other factors besides methylation enzymes and cell cycle which alter affinity of PP2A subunits to each other and substrate specificity. A simple substitution (Leu309/A309) or deletion (Leu309/0) has shown that assembly of the enzyme complex and PP2A activity may not depend on methylation of Leu309 at all [37] . The role of protein-protein interactions in regulation of PP2A function has also been suggested. For example, PP2A can respond to signals and move between sub-cellular compartments, where interaction of PP2A with the microtubule cytoskeleton proteins can inactivate certain pools of PP2A [35] . PP2A is indispensable for signal transduction. Therefore, it is crucial for many processes such as transcription, translation, DNA replication, and cell cycle functions. The viral protein SV40 small t-antigen mimics a regulatory subunit B of PP2A heterotrimer [38] . Recently, Rodriguez et al [39] showed that the polyomavirus small tantigen is not involved in MAPK but PI3-kinase signal transduction. In both cases SV40 and polyomaviral subunit substitution in PP2A complex leads to induction of cell proliferation but in an abnormal manner [39] . The role of PP2A function has also been shown in Alzheimer's disease. During Alzheimer's disease, the structures called paired helical filaments (PHF) are formed in brain. PHF are built from the tau protein in a hyperphosphorylated stage [40] . Decreased levels of PP2A may be responsible for this, as tau is associated with microtubules and is dephosphorylated by PP2A [40] .
PLASMODIUM FALCIPARUM SERINE/THREONINE PROTEIN PHOSPHATASES (PfPPPs)
The malaria parasite (Plasmodium spp) has a complex life cycle encompassing through multiple developmental stages and different physiological environments in the hosts. The parasite, therefore, must possess highly precise and complex machinery to regulate these modifications. Protein phosphatases should play a meaningful role in these processes. We have compiled the literature data and information from different database websites related to the Plasmodium falciparum genome (Build 1.1 statistics; http://www.ncbi. nlm.nih.gov/mapview and PlasmoDB; GeneDB) to find the plasmodial genes coding protein phosphatases. We have identified and analyzed phylogeny of 17 putative or/and confirmed PPPs catalytic subunits ( Table 1) (Fig. 4) . In order to verify PP families of the putative proteins, we used BLAST (http://www.ncbi.nlm.nih.gov/BLAST). Seven of these subunits were classified as protein phosphatases 2C (PFD0505c/ CAB62878, PFE1010w/ CAD51566, MAL8P1.108/ CAD 51270, MAL8P1.109/ CAD51272, PF11_0396/ AAN35979, MAL13P1.44/ CAD52227, PF14_0523/ AAN37136), two were identified as PP1 [PF14_0142/ AAN36754 and PF14_ 0630/ AAN37243-(PP )], three were classified as PP2A [PFI1245c/ CAD51935 (PP ), PFC0595c/ CAB38970 and PFI1360c/ CAD51958] and one each were identified as PP2B-calcineurin (PF08_0129/ CAD51335), PP5 (MAL 13P1.274/ CAD52675), PP7 (PF14_0224/ AAN36837). Two bacterial-like PPPs (PF14_0660/Q8I5Y5 and PFL0300c/ Q8IKE5) were also identified in the P. falciparum genome. Besides 17 serine/threonine protein phosphatases, the P. falciparum genome includes sequences encoding dual-specificity protein phosphatase DSP (PFC0380w/CAB11119) and only one protein tyrosine phosphatase PTP (PF11_0139/ AAN35723) ( Table 1 ).
PfPP1
PP1 is one of the most extensively investigated and ubiquitously present protein phosphatases. The initial function of PP1 was established in regulation of glycogen metabolism, but later its role has been demonstrated in several cellular processes, including cell division, muscle contractility, transcription, translation and apoptosis [50] . The amino acid sequence of PP1 from a variety of eukaryotic organisms is highly conserved. Two PP1 homologues namely PF14_0142 and PF14_0630 (PP ) were identified in the P. falciparum genome. Both homologues are localized on chromosome 14. The first report on functional characterization of PfPP1 was made by Yokoyama et al. [51] , who demonstrated a PP1-like phosphorylase phosphatase activity in the P. falciparum extracts. Both infected erythrocytes as well as the freed parasite obtained by saponin lysis were found to contain significantly higher PP1-like activity as compared to the erythrocytes ghosts. PfPP1 with a deduced 304 amino acid sequence has been cloned from P. falciparum [20, 41] . PfPP1 contains the PPP signature sequence LRGNHE and two putative protein kinase C and five putative casein kinase phosphorylation sites. PfPP1 rescued a low glycogen phenotype glc7 (PP1-) mutant of Saccharomyces cerevisiae in functional complementation studies [20] . PfPP1 (PF14_0142) lacks a characteristic short proline-rich region at C-terminus. PfPP1 has been cloned and overexpressed in E. coli. Functional characterization of the purified recombinant protein exhibited Ser/Thr as well as Tyr phosphatase activity. The toxins tautomycin, I1, I2, and okadaic acid inhibited PfPP1 with low IC 50 values. The sensitivity of PfPP1 to these inhibitors may be attributed to the conserved sequence which creates a loop between the 12 and 13 regions of PfPP1 [43] . Other residues responsible for interaction with I-2 are: E52, E54, D164, E165 and K166 (Fig. 2) [41] . PfPP1 is a crucial element in mitotic division in P. falciparum and enables appro- Fig. (3) . Alignment of amino acid sequences PP2A from Homo sapiens (Hs) (NM_002715), Plasmodium falciparum (Pf) (PFC0595c/ CAB38970), Leishmania infantum (Lin) (CAM71071), Leishmania major (Lmj) (CAJ08835), Trypanosoma brucei (Tb) (EAN80641), Trypanosoma cruzi (Tc) (EAN89463) and Giardia lamblia (Gi) (EAA37747). TMA-KV -cleavage between 41 and 42 amino acids-putative signal peptide. Lmj ------------------------------------------MLTEILDIDEHLATLNRC--ENIGEADVKRLCLKAKEIFTSEENVHKIPAPCTIVGDIHGQFYDLLELFRVGGEIPDT 76  Lin -------------------------------------------MLTELDIDEHLATLNRC--ENIGEADVKRLCLKAKEIFTSEENVHKIPAPCTIVGDIHGQFYDLLELFRVGGEIPDT 76  Tc -----------------------------------------------DSIDQFLETVSKG--AYPRESEVMKLCQTAHNILDAEANTHVIRAPCTIVGDIHAQFFDLIEMFRVGGEVPDV 72  Tb ---------------------------------------------- 
MDTIDQFLETVGKG--VCPRESEVMKLCNKARSILDGESNTHVIRAPCTIVGDIHAQFFDLIEMFRVGGDVPDV 72 Hs ---------------MDEKVFTK-------------------------ELDQWIEQLNEC--KQLSESQVKSLCEKAKEILTKESNVQEVRCPVTVCGDVHGQFHDLMELFRIGGKSPDT 78 Gi MGIKSCLLAFFVLRSLESGKIAQN-----LVLLAFLIFMFLKATMAKVDIDEFIERLYRG--ELLVEEEIREICERVKHIFIEEPNIQPILAPVTVVGDIHGQYHDLIEMFRICGRSPYT 113
Pf --------------------------------------------MAKGEERKWIEQLRMNPPKLLDESDLRLVCQRVKEILVEENNVQSIKPPVIICGDIHGQFFDLLELFDVGGDIMNN priate merozoite stage development [20, 52] . PfPP1 was reported to modulate the phosphorylation status of P. falciparum skeletal binding protein (PfSBP1) at the late intraerythrocytic development of the parasite and affects release of merozoites [44] . Further, Western blotting and immunofluorescence analysis revealed the localization of PfPP1 in the lumen of the Maurer's clefts, a Golgi-like secretory compartment transposed by P. falciparum into the cytoplasm of the host's erythrocyte [52] . Thus, PfPP1 is exported to the host's erythrocytes and plays an important role in the release of merozoites from the mature, infected erythrocytes [52] . PfPP1 is almost uniformly expressed in all the developmental stages of P. falciparum including rings, trophozoites, schizonts and late as well as early sexual stages [41] . However, the studies with high-density oligonucleotide arrays to generate expression profiles of human and mosquito stages of the malaria parasite's life cycle [53] has indicated differential expression profiles of PfPP1. Expression was highest in early and late schizogony with an abrupt decline of PfPP1 expression in merozoites (the data posted at www.plasmodb. org) (Fig. 5) . This expression profile correlates with the role of PfPP1 in the release of merozoites [52] . The essential role of PfPP1 in survival of the parasite was confirmed by the phenotypic gene knockdown of the PfPP1 function in the erythrocytic P. falciparum stages using siRNA [41] .
PfPP
PfPP (PF14_0630) has the catalytic domains that are closely related to PP1 [54] . The amino acid sequence of PP is very well preserved between Plasmodium species and identity between them ranges from 85 to 83%. PfPP has the longest N terminal among serine/threonine protein phosphatases. That segment over 500 amino acids long is rich in serine (8.5%), asparagines (9.5%) and threonine (6.2%) and composed of kelch-like repeats. These elements of PfPP might be involved in protein-protein interactions [54] . The PfPP C-terminal sequence retained all characteristic domains of PP1. In addition, the catalytic part of PfPP contains a proline-rich motif and five additional unusual inserts which may not have a strong influence on catalytic function of this enzyme. PfPP contains conserved domains responsible for substrate binding, a catalytic site, and Mn 2+ and Fe 2+ binding sites. The N-terminal region of PfPP is not related to any known PPP, and these features place PfPP into a unique category within PPP family [42] . Northern blot [49] analysis detected PfPP transcripts only in sexual stages of the parasite indicating its role in sexual stage specific functions. Affymetrix expression data (www.plasmodb.org) have also shown that the level of PfPP mRNA reaches a maximum of expression during the sexual stage (gametocyte) (Fig. 5) .
PfPP2A AND PfPP2B
Analysis of PPP sequences in P. falciparum genome revealed three members of the PP2A family encoded by the genes PFI1245c, PFC0595c and PFI1360c. Their amino acid sequences aligned to human PP2A showed 54%, 55% and 57% identity, respectively. Interestingly, the homology of PfPP2As with human PP2A is significantly lower, as compared to the PfPP1 and HsPP1. The members of the PP2A family can be recognized by the signature motif YRCG, which distinguishes the PP2A from the PP1 group. This characteristic conservative domain is responsible for high sensitivity of PP2A to okadaic acid. A PPP encoded by PFI1245c has earlier been characterized as PfPP [44] . The gene localized on chromosome 9 has an unusual intron with four repeats of 32 nucleotides, which displays high degree of size polymorphism among different isolates of P. falciparum [44] . In spite of two distinct domains, the PfPP sequence was placed under the PP2A family of PPPs on the basis of the significant similarity of the C-terminal 315 amino acid domain with the catalytic subunit of the PP2A. Northern blot analysis has shown the highest expression of PP2 in the sexual erythrocytes stage [44] , while Affimetrix expression analysis indicates the highest expression not only in gametocytes but also in late trophozoites (www.plasmodb.org) (Fig.  5) . This protein has an extension of 151 amino acids at the N-terminus, which contains putative phosphorylation sites, and five additional amino acids between 7-8 strands; the catalytic domain of PfPP2 is almost identical to other PfPP2As [44] . The N-terminus sequence probably plays a regulatory function by reversible phosphorylation. The cDNA corresponding to the gene PFC0595c was isolated by Fig. (4) . The phylogenetic tree of serine/threonine protein phosphatases catalytic subunits of Plasmodium falciparum. Primary amino acid sequences of the PPPs analyzed are listed in Table 1 . The sequences were analyzed by MEGA 4.0 version [109] . BcLPP-Bacterial-like protein phosphatases (Representatives of PTP and DSP Classes are also Included). [43] . PfPP2A showed typical attributes of a PP2A enzyme: potent phosphatase activity against thesubunit of phosphyrylase kinase, high sensitivity of the enzyme to okadaic acid, activation by Mn 2+ and resistance to inhibitor-1 (Fig. 3) [43] . Between all known PfPP2A the protein encoded by the PFI1360c gene has the highest (57%) identity with the human PP2A sequence. A substitution of the crucial residue L312S which is methylated in the posttranscriptional process raises a question on influence of this methylation on the activity of this enzyme.
Dobson et al
The two more PPPs namely, a Ca +2 -activited PfPP7 (PF14_0224) and PfPP2B-calcineurin (PF08_0129) were also identified in P. falciparum [47] . PfPP7 has been described earlier as a member of the PP1 family named PfPPJ [22] . The amino acid sequence predicted by Dobson et al [22] was a core catalytic region of PfPP7. PfPP7 undergoes post-translational processing which results in proteolytic cleavage of PfPPJ between Ser531 and Gly534 [50] . The amino acid sequence from PlasmoDB consists of 959 amino acid residues. Besides two predicted proteolytic cleavage sites, PfPP7 also has two EF hand-calcium binding domains in the C terminus. Additional analysis has shown the possible existence of an IQ motif -calmodulin binding (80-105 aa) in the N terminal region. Calcium and manganese cations are indispensable to establish full activity of that enzyme. PfPPJ as opposed to the rest of the PP1 family is not very sensitive to the inhibitors OA and I2 (IC 50 1 μM and 0.1 μM, respectively) [22] . There are substitutions in the residues responsible for I2 inhibitor binding and in a segment interacting with OA (Fig. 2) .
PP2B-calcineurin (CN,) is another protein phosphatase which depends on Ca
+2 for catalytic functions. CN creates a holoenzyme assembly of a catatytic subunit A (CnA) (MW 70 kDa) and a regulatory subunit B (CnB) (MW 20 kDa). The amino acid sequence of CN encloses a core region from 43 to 285, which is characteristic for all PPPs (Fig. 2) . However, the C-terminus contains CaM-(calmodulin) binding domain and CnB-binding domain, which are separated by an insert from 43 to 285. N-and C-termini in PfPP2B play regulatory roles, similar to that shown for other PPPs. The existence of an auto-inhibitory (AI) domain at C terminus has also been suggested [47] . The antimalarial activity of cyclosporine A was demonstrated more than 25 years ago. The complex consists of cyclophilins (P. falciparum encodes Cyp19, Cyp22 and Cyp24) and cyclosporin A inhibit the activity of CN [47, 55] .
PfPP5 (THE NUCLEAR PPP WITH TETRATRICO-PEPTIDE REPEATS)
A gene encoding the P. falciparums PP5 homologue was identified on chromosome 13. According to the NCBI database, PfPP5 (MAL13P1.274) is a 658 amino acid protein, while separately Dobson and Lidenthal obtained proteins that were 64 amino acid shorter (AAL15170 and AAK95648) [45, 46] . The amino acid sequence of these three proteins is almost identical except an extension at N terminus in MAL13P1.274. The function of this segment is unknown. In higher eukaryotes, PP5 is considered as a multifunctional protein, which interacts with the glucocorticoid receptor, hsp90 hetrocomplex, subunit A of PP2A, DNA dependent kinase (DNA repair process) and growth arrest mediated by p53 [56, 57] . In Arabidopsis PP5 is involved in light-dependent signal transduction [58] . The amino acid sequence of PfPP5 has an extended N-terminus, which has no homology to any other known PPs [45, 46] . The catalytic domain of PfPP5 showed 75% similarity to PP5. Presence of four characteristic tetratricopeptide repeats (TPRs) confirmed the identity of PfPP5. The TPRs create a cradle-like structure, which can take part in protein-protein interactions [45] . The TPR domain is responsible for auto-regulation of phosphatase activity. Polyunsaturated fatty acids like arachidonic and oleic acid interact with these regions and activate the enzyme. However, activation of PfPP5 with unsaturated fatty acids was less pronounced compared to other PP5s [46] . PfPP5 shows high intrinsic activity as confirmed with recombinant protein isolated from overexpressing E. coli cultures as well as native enzyme isolated from the parasite extracts. PfPP5 attains low autoinhibition due to a difference in the C-terminal region which affects interaction between TPRs and the C-terminal region [46] . These distinct characteristics of the PfPP5 may be important in design of selective inhibitors against the parasite enzyme. PfPP5 also interacts with Pfhsp90, an ortholog of mammalian hsp90, through TPRs. The TPR region is followed by a hypothetical nucleus targeting domain (NLS-BP). The primary sequence of PfPP5 retains a conserved SAPNYC domain, which makes it sensitive to OA [45, 46] . The transcripts for PfPP5 have been found in all asexual stages, and the protein was predominantly localized to the parasite nucleus [46] . Similar to other eukaryotic PP5 orthologs, the PfPP5 might be a part of DNA repairing complex, as may be predicted by its nuclear localization.
PfPP2C (Mg
2+ -DEPENDENT PP)
Relatively little is known about plasmodial Mg 2+ -dependent protein phosphatases PP2C. Seven genes, which putatively encode for PP2C homologues, have been identified in the P. falciparum genome. However, only one of them (PF11_0396) has been studied in detail [48] . PF11_0396 encodes for a protein with 920 amino acids, which is almost twice of other PP2Cs. PfPP2C can be divided into two halves, the N-and C-terminal, each with a complete PP unit termed as Pf2C1 and Pf2C2, respectively. PfPP2C likewise yeast PP2C might be involved in stress response by MAPK cascade. The native functionally active PfPP2C was characterized as a dimer with four catalytic units on two sub-units. Each half, when expressed independently, was catalytically active and complemented the heat shock response defect of a Schizosaccharomyces pombe mutant with a PP2C deletion. It was also determined that PfPP2C influences transcription and translation by dephosphorylation of the subunit of RNA polymerase II and elongation factor (EF-) [59] .
BACTERIAL-LIKE PROTEIN PHOSPHATASES IN PLASMODIUM FALCIPARUM
Serine/threonine protein phosphatases of bacterial origin are present in Plasmodium spp genomes [59] . Unlike the eukaryotic PPP family, the bacterial PPPs have broad substrate specificity. The presence of bacterial-like PPPs has been shown in the genomes of protozoa as well as plants. The bacterial-like PPP have been divided into three groups: Rhilpha (Rhizobiales/ Rhodobacteria/ Rodospirillaceae-like phosphatases), Shelphs (Shewanella-like phosphatases) and Alphs (diadenosine tetraophosphatases ApaH-like phosphatases). The two Arabidopsis thaliana genes (At3g09960 and At3g09970) can be designated as Rhilpha phosphatases and two genes (At1g07010 and At1g18480) belong to the Shelphs group. This group also includes the bacteria-like phosphatases identified in P. falciparum (PF14_0660/Q8I5Y5 and PFL0300c/Q8IKE5) and P. yoelli (Q7RIH8 and Q7RR22).
The bacteria-like PPPs have considerable differences in primary structures from 'regular' eukaryotic serine-threonine protein phosphatases. The bacterial-like PPPs do have Nand C-terminal extensions like eukaryotic members of PPP. The beginning sequences are significantly conserved in Rhilpha and Shelphs, with variations mainly in the inserts between conserved motifs GNHE and H(A/G)G. Instead of the characteristic eukaryotic PPP motif SAPNY, the bacterial-like PPP sequences contain the (I/LV)D(S/T)G motif. Interestingly, in the sequences of bacteria-like PPPs, the amino acids responsible for metal ion binding (such as Asp62, His66, Asp92, His173 and His248) are conserved [60] . Furthermore, the Gly residue always occurs after His248. Members of Rhilpha have been found only in land plant genomes. Andreeva and Kutuzov [49] suggested that some Rhizobiales could share their genes by horizontal transfer. Genomes of fungi, plants, red alga, apicomplexa and trypanosomatids contain genes encoding Shelphs. All taxonomic groups mentioned above (except fungi and trypanosomatids) have plastids (e.g., chloroplasts or apicoplasts), which originated form cyanobacterial ancestors [61, 62] . Unexpectedly, Shelphs have not been found in cyanobacterial genomes, which mean that they could have other ancestors [59] . None of the bacterial-like PPPs identified in the genomes of Plasmodium spp have been studied at the functional level. According to Affymetrix microarray results, genes PF14_0660 and PFL0300c reach their maximum expression in the late schizogony and gametocyte stages, respectively (Fig. 5) . This indicates that their expression pattern does not differ from most other PfPPPs. In view of the potential unique molecular characteristics of the bacteriallike PPPs identified in malarial genomes and the absence of the homologs in mammalian genomes, it would be interesting to study their role in the parasite and their exploitation as potential targets for new antimalarial drug discovery.
EXPRESSION, REGULATION AND FUNCTIONS OF PPPs IN PLASMODIUM FALCIPARUM
The data on differential expression profiles of all the PPP genes identified in P. falciparum genome was compiled from the microarray transcription profiles of the individual genes available at PlasmoDB (www.plasmodb.org) (Fig. 5) . The expression profiles of selected PPP genes, which have been functionally characterized in P. falciparum, were also compared. This information would be important in predicting the role/function of individual PPPs in the parasite. In view of complex life cycle of the malaria parasite, PPPs are likely to have a highly sophisticated role to play for functional regulation and control of different genes related to the cell cycles. It has been clearly demonstrated that there are specific sets of genes which are turned on or off during the developmental cycle of the malaria parasites [63] . The malaria parasite has been indicated to have a hardwired transcriptome [64] . The mechanisms of regulation of gene expression in P. falciparum apparently vary from other eukaryotic species and are still incompletely understood [64] . In view of this, the posttranslational modification of proteins, including reversible phosphorylation and dephosphrylation through kinases and phosphatases, bear a greater responsibility for regulation of protein functions. Despite severe stress exerted by immunological and cellular defense machinery of the host, the parasite is able to get through the highly organized processes of cellular and molecular development. The PPP expression profiles compiled from microarray gene expression data from PlasmoDB indicated significant differences in the intraerythrocytic developmental cycle of the parasite (Fig. 5) . Most of the PPP encoding genes showed stage-specific regulation of their expression. It is noteworthy that initial developmental stages from early ring to late trophozoite demonstrate a low level of PPP expression, while in two late stages significant increase in PPP expression were observed: the early schizogony (PP1 PF14_0142, PP2A PFI1360c, PP7 PF14_0224, PP2C PF11_0396, PP2C MAL8P1.109, PP2C MAL13P1.44) and sexual intraerythrocyte stage gametocyte (PP PF14_0630, PP PFI1245c, PP2C MAL8P1.108, PP2C PF14_0523, bacteria-like PPP PF14_0660, PTP PF11_0139 and DSP PFC0380w) (Fig. 5) . These data indirectly suggest that the parasite develops a signal transduction net during the later stages of cell cycle and prepare for release of merozoites, which come in contact with the environment out of RBCs. The gene PfPP1 (PF14_0142) reaches the highest expression level in early schizogony and then quickly declines in the merozoite stage. Recently, Blisnick et al. [52] revealed that PfPP1 plays an important role in release of mature merozoites. Indirectly, this has been confirmed by the presence of a high level of mRNA encoding Pf PP1 (PF14_0142) in the schizogony. Contrary to this, another study reported the presence of constant level of PfPP1 mRNA and protein in different developmental stages of the parasite [65] . The glycogen synthase kinase 3 (PfGSK3) is responsible for phosphorylation and the PfPP1 for dephosphorylation of Pf skeleton-binding protein 1 (PfSBP) located in Maurer's cleft. The Maurer's clefts are secretory structures which are the part of the parasite's machinery involved in translocation of the parasite's proteins to RBC membranes. PfSBP1 is committed in that process. The PfSBP1 interacts with PfPP1 by its PP1 docking motif. Neither PfSBP nor PfPP1 possess a signal peptide which could transport them to the Maurer's cleft. Involvement of this process in translocation of other parasite proteins has also been proposed [44] .
Few proteins have been characterized from P. falciparum which regulate the catalytic functions of PPP in the parasite. A protein with leucine rich repeat motifs (PfLRR1) was identified in P. falciparum. PfLRR1 was identified as a homolog of suppressor of dis2 (sds22 + ) from S. pombe, which is an essential regulator of cell division in the yeast. Deletion of sds22 + caused mitotic arrest, and the mutant yeast stayed in the metaphase [65, 66] . PfLRR1 showed 42% identity and 61.5% similarity to the yeast Sds22 + . PfLRR1 was found to interact with PfPP1 and form a complex. A PfLRR1-PfPP1 complex was also isolated from the parasite extracts, and interaction of PfLRR1 with PfPPI was found to cause inhibition of phosphatase activity of the enzyme. This observation was in contrast to the effect of sds22 + on the yeast PP1, which regulates the cell cycle in S. pombe by activation of PP1. PfLRR1 interacted with PfPP1 but not with PfPP2A, indicating its role in selective functional regulation of PfPP1. Both PfLRR1 and PfPP1 are localized in cytoplasm and the nucleus. In contrast to the yeast experiment, PfLRR1 regulated PfPP1 by inhibiting the phosphatase activity. Xenopus oocytes are physiologically arrested at the G2/M meiotic prophase I, which can be overcome by treatment with OA, anti-PP1 antibodies or microinjected mRNA of PfLRR1 [65, 67] . Microinjection of PfLRR1 capped mRNA (cRNA) into the oocytes resulted into appearance of germinal vesicle breakdown, and was accompanied with down regulation of PP1 activity. Interaction of PfLRR1 with PP1 in the oocytes was also confirmed by immunoblot analysis. Role of physiological inhibitors in control and regulation of PPP activities was established [68] . A unique aspartate rich protein (ARP), which strongly inhibits PfPP2A, has been identified as a potential physiological regulator of PfPP2A [68] . PfARP was found to cause selective inhibition of PfPP2A with no effect on PfPP1, PfPP2B, PP5 or PfPPJ.
INHIBITORS OF PPPs: MOLECULAR TOOLS AND THERAPEUTIC APPLICATIONS
Conclusive evidences regarding role of PPPs in regulation of multiple cell processes have generated considerable interest and significant attention to the inhibitors of these enzymes. Several inhibitors active against specific isoforms of PPPs have been identified. Identification of selective PPP inhibitors has provided useful tools to investigate the functions of specific PPP isoforms [69] . The selective inhibitors of PPPs also have significant therapeutic implications.
THE ENDOGENOUS PPP INHIBITORS: THE MO-LECULAR SWITCHES
Regulation of PPPs in vivo is primarily attained through expression and functions of endogenous proteinaceous inhibitors of PPPs ( Table 2 ) [70] . Characterization of the endogenous PPP inhibitors has been useful in understanding the regulation of individual isoforms of PPPs and their functions in different cellular processes. All endogenous inhibitors of PPPs are phosphoproteins and the PP inhibitory potencies of these proteins are controlled through their phosphorylation/dephosphorylation. The endogenous intracellular inhibitors of PPPs function as additional regulatory switches in the cascade of PPP-associated signal transduction cascades and regulation of cellular and metabolic functions [70] . The catalytic subunit of PP1 binds to a number of regulatory subunits, which target the enzyme to proximity of their physiological substrates [71] . Additional regulation of PP1 can be achieved through their inhibition with different intracellular proteins. PP1 is inhibited by several heat-stable inhibitor proteins, which include inhibitor-1, its neuronal analogue, DARPP-32, and inhibitor-2 [70] . Inhibitor-2 is constituted as a subunit of the Mg 2+ -dependent PP1 (PP1M or PP1I), which is an inactive form of the enzyme. PP1I is transiently activated when IPP-2 in the complex is phosphorylated at threonine-72 position by GSK-3 (Fig. 6) . This suggests the role of IPP-2 as a molecular chaperone. Inhibitor-1 and DARPP-32 are both inhibitory only when phosphorylated by cAMP-dependent protein kinase. In addition, PP1 is potently inhibited by ubiquitously expressed nuclear protein Nuclear Inhibitor of Protein Phosphatase 1 (NIPP-1) which is the most potent inhibitor of PP-1 characterized so far (IC 50 <1 pM) [72] . Additional endogenous inhibitors of PP1, referred as IPP3 [73] , IPP4 [74] and now most recently IPP 5 [75] , have also been characterized. The regulation of activity of the catalytic subunit of PP1 with these endogenous inhibitors should allow PP1 to dephosphorylate thou-sands of proteins, involving independent regulatory mechanisms. Regulation of PP2A activity occurs through different specific endogenous inhibitor proteins referred as I-1 PP2A and I-2 PP2A [76] . Both I-1 PP2A and I-2 PP2A inhibit PP2A by direct binding with the catalytic sub-unit. The putative histocompatibility leukocyte antigen class II-associated protein-1(PHAP-II) and I-1 PP2A are identical proteins. The I-1 PP2A has been localized to the cytoplasm or nucleus, depending on the cell types, while I-2 PP2A is localized mostly in the nucleus.
The proteins binding to FK506 (tarcolimus), an immunosuppressant belonging to a class of immunophilins, are commonly known as FKBPs (FK506 binding proteins). The FK506-FKBP complexes bind and inhibit calcinurine, a Ca 2+ -calmodulin-dependent serine/threonine protein phosphatase (PP2B). However, unlike other FKBPs, a mitochondrial FK506-binding protein 38 (FKBP38), was demonstrated to bind and inhibit calcineurin in the absence of the FK506. These observations suggest FKBP38 as an inherent 
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inhibitor of PP2B [77] . A homolog of FKBP38 has been characterized from P. falciparum [78] . 
SMALL MOLECULE INHIBITORS OF PPPS
Protein phosphatases are excellent drug targets because they play crucial roles in cell processes as indispensable components of signal transduction. Inhibition of their activity causes strong impacts on cell processes. There are many well known small molecule inhibitors specific for PP1 and PP2A such as calyculin A, cantharidin, cantharidin analogues, microcystin LR, okadaic acid, tautomycin, fostriecin, cyclosporin A and endothall [85] [86] [87] [88] [89] [90] [91] [92] (Fig. 7A) . Interestingly, these inhibitors are more active against PP2A and PP1. Several specific inhibitors of PP2B such as cypermethrin, deltamethrin and fenvalerate have also been identified [93, 94] (Fig, 7B) . Their different inhibitory properties may facilitate discovery of new protein phosphatase features and better understanding of the processes that they influence. Most of the known small molecule inhibitors of PPPs cannot be directly use in clinical medicine because of their high cytoxicity [95] . The high cytoxicity is probably caused by high similarities between amino acid sequences of PPPs from different species. Nevertheless, there is considerable research in progress regarding synthesis of new analogs of PPP inhibitors, such as on cantharidin and fostriecin (FOC) [95] . Fostriecin is an antitumor antibiotic isolated from Streptomyces pulveraceous. The compound is not only an inhibitor of protein phophosphatases but also of topoisomerases II [96] . This antibiotic also interacts with other cell proteins [97] . These features could make fostriecin a potent drug against cancer. Fostriecin interacts with the same site of the primary sequence of PPP as okadaic acid and cantharidin (the 12-13 loop SAPNYC region) (Fig. 2) [98, 99] . FOC inhibits PP2A with 40,000 fold stronger potency than inhibition of PP1 (IC 50 3.2 nM for PP2A v/s 131 μM for PP1) [100] . The FOC went though preclinical and clinical studies. Although phase I and pharmacokinetic studies obtained positive results, further trials were stopped because of contamination of the drug. The situation could change because new methods for synthesis of fostriecin are now avialable [100] . Cantharidin is secreted by male blister beetles (order Coleoptera, family Meloidae) [101] . This agent is a strong inhibitor of PP1 (IC 50 473 nM) as well as PP2A (IC 50 40 nM) [102] . (Fig. 7) contd…. Extensive research has been carried out with cantharidin and its derivates; especially their evaluation against carcinoma cells [87, 103, 104] . The main goal has been to obtain analogues with higher activity and specificity. Cantharidin treatment causes abnormal mitotic spindles, mitotic arrest, DNA damage, and apoptosis [105] . Cantharidin and its analogs have been tested against number of human cancer lines. These experiments have shown promising antitumor activity of cantharidin and some of its derivates [106] . Norcantharidin is the most potent cantharidin analog. Both of them possess features of a promising drug against leukemia. They do not cause myelosuppression. Many drugs against leukemia have developed multidrug resistance phenotype (MRP). Cantharidin is also active against these resistant cells [105] . In a clinical trial with norcantharidin and cantharidin, only cantharidin treatment induced nephrotoxicity as a side effect [107] . Recently some PP2A inhibitors have shown promising antimalarial activities in vitro against P. falciparum cultures. Okadaic acid, calyculin A and endothall inhibited the growth of P. falciparum in culture with IC 50 values of 38.5 nM, 9.9 nM and 7.8 M, respectively [42, 108] . Evaluation of antiplasmodial activity of protein phosphateses inhibitors has not been a subject of intense research in the past. In view of the essential functions of PPP protein phosphatases, the inhibitors seems to be promising source of antiplasmodial drugs.
NOTE ADDED
While this manuscript was under review an article appeared online on current understanding of the structure, regulation and biological functions of protein Ser/Thr phosphatases in unicellular parasites [110] . This indicates increasing interest and importance of PPPs in the parasite biology. The complements of phosphatases of the PPP and PPM families were analyzed in parasitic protozoa namely, apicomplexan parasite, Giardia lamblia, Entamoeba histolytica, Trichomonas vaginalis and Encephalitozoon cuniculi [110] . Pseudophosphatases with putative Ca2+ binding domains, referred as EFPP, were identified as unique PPPs in some apicomplexan parasites. The genome of Encephalitozoon cuniculi, a microsporidium parasite infecting rabbits causing partial or complete paralysis and kidney disease, was shown to have smallest set of protein phosphatases with only 5 PPPs and no PPM. While genome of Trichomonas vaginalis, the most common anaerobic parasitic flagellated protozoan and the causative agent of trichomoniasis, contained largest set of 169 predicted protein phosphatases [110] .
